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Abstract 
Structural Health Monitoring (SHM) is an emerging field in civil engineering, offering the potential for continuous and periodic 
assessment of the integrity of civil infrastructures. Numerous damage detection methods to identify possible damage locations 
have been proposed. Most of these methods depend on dynamic characteristics of structure. Damage Locating Vector (DLV) 
method as suggested by Bernal in 2002[1] has received significant attention because this method was verified by a series of 
proof-of-concept tests measuring accelerations. This paper presents the details of the numerical studies carried out on the 
application of DLV method for damage localization using deflection data from static analysis. Several structures includingtrusses 
and beams were modeled and analysed for various damage scenarios. From the studies it was found that the method was able to 
identify the locations of damage in most of the cases. 
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1.0 Introduction 
 Our daily lives are becoming more and more dependent on civil infrastructure, including bridges, buildings, 
pipelines, offshore structures, etc. Much of the existing infrastructure in India has been in service for many years. 
These structures continue to be used, despite aging and the associated accumulation of damage. Hence, monitoring 
the condition of these structures to provide the necessary maintenance has become critically important to our 
society. Moreover, evaluation of the condition of critical facilities and civil infrastructure is extremely important 
after natural hazards such as earthquake, or man-made disasters like terrorist attack. These facilities have to be 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Indira Gandhi Centre for Atomic Research
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monitored to minimize the impact of these disasters. Tragic disasters on the civil structures, like collapses of bridges 
or buildings, often accompany a large number of casualties as well as social and economic problems. Structural 
health monitoring (SHM) is an emerging field in civil engineering, offering the potential for continuous and periodic 
assessment of the safety and integrity of the civil infrastructure. Based on knowledge of the condition of the 
structure, certain preventive measures can be carried out to prolong the service life of the structure and prevent 
catastrophic failure. Damage detection strategies can ultimately reduce life cycle cost. Thus most of the 
industrialized countries have been increasing their budget for Structural Health Monitoring (SHM) of their major 
civil infrastructures. The SHM system often offers an opportunity to reduce the cost for the maintenance, repair and 
retrofit throughout the life-cycle of the structure. In the most general terms, damage can be defined as changes 
introduced into a system that adversely affect its performance. As far as civil engineering structures are considered, 
changes in materials, connections, boundary conditions, etc., which cause deteriorated performance of the structure, 
can be defined as damage. For example, material aging usually reduces the load capacity of structural elements 
which leads to stress redistribution in the structure. This stress redistribution can result in loads that are substantially 
different from those expected based on the original structural design, potentially undermining the safety of the 
structure and even leading to its failure. Structural damage can be caused in various ways. Normal activities can also 
introduce damage to the structure. Buildings can be damaged due to corrosion, aging, and daily activities. Traffic 
and wind loads cause damage on bridges, while offshore structures suffer from wave loading and corrosion due to 
the seawater. On the other hand, excessive loads produced by cyclones, hurricanes and earthquakes also can 
potentially cause damage in structures. For bridges, SHM is of central importance. Bridge health monitoring 
provides quantitative data of the bridge, and the data can be used for additional purposes as well. For example, the 
data can be used for assessing the extent of damages/deterioration, evaluating the structural performance, responding 
to unexpected accidents, performing repair or strengthening and managing the bridge's normal operations. The data 
can also be employed for research purposes to improve bridge design and construction technologies. The effect of 
damage on structures can be classified as linear and nonlinear. Linear damage can be defined as the case when 
structures still behave linear-elastically after damage is introduced, while nonlinear damage causes structures to 
show nonlinear behavior after damage has occurred. Metal corrosion and concrete spalling/scour can significantly 
reduce the cross section of structural members and are typical damage events that may be defined as linear damage. 
 In the available literature, various methodologies for damage detection based on vibration and flexibility 
approaches are proposed, implemented and improved [2-3]. Most of the SHM methods are based upon dynamic 
characteristics of the structure obtained from vibration data[4].DLV introduced by Bernal [1] in 2002 is one such 
method which is based on identifying a set of vectors that, when applied to the undamaged structure, produce zero 
stress over the damaged regions and helps in localizing the damage. This method has been verified experimentally 
[5] and is applicable for damage cases for which the structure is linear before and after the damage event. Various 
implementation of this approach such as Stochastic DLV (SDLV) [6], dynamic DLV(DDLV) [7], stochastic 
dynamic dlv(SDDLV) [8] etc., have been formulated and verified experimentally [9]. The efficiency of the DLV 
method for damage localization depends upon the accuracy of the flexibility matrices formulated. Few literatures 
have been reported on the damage identification methods using static measurement data. Static measurements (strain 
and deflection) are most reliable and accurate structural responses. As compared to vibration data for a structure, 
which requires sophisticated instrumentation and significant post-processing consuming more time, static 
measurements are easier to measure and analyze and generally can be recorded more accurately. The data 
acquisition system and the sensors required for static measurements are comparatively cheaper. Strain based DLV 
method [10] combining DLV and static strain measurements has been proposed earlier which obtains the flexibility 
matrix of the structure from the static strain measurements instead of obtaining from the modal analysis which is 
done in most of the methods.  
 In this paper, a methodology combining DLV method and deflection from static measurements isproposed. 
Instead of the scheme reported in the literatures [10] which use static strain for obtaining the flexibility matrices, 
here nodal deflections obtained from static tests are used for formulating the flexibility matrices. Numerical studies 
were carried out in order to validate the proposed methodology. Several structures including trusses and beams, 
were modeled and analyzed for various damage scenarios using the proposed methodology. The details of the 
analysis carried out are described in the following sections. The proof of the DLV method and that of strain damage 
locating vector method can be found in the literature [1 and10]. 
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2.0 Damage Locating Vector Method 
 The principal idea of DLV is finding load cases that produce identical zero strain field over the damaged 
elements in both damaged and undamaged state. Such vectors can be shown to be included in the null space of the 
difference in flexibility matrix from damaged to undamaged condition, which is found by doing a SVD analysis of 
the matrix. The identified vectors are then applied on the undamaged model of the structure and stress in the 
members is noted. This stress is normalized by a series of operations to obtain Weighted Stress Index (WSI).This 
WSI, whenless than one for a member, indicates that the member is probably damaged. 
 This method is applicable for both determinate and indeterminate structures. For indeterminate structures, 
data from the damaged portion is not necessarily required for damage detection. But for determinate structures, since 
no force redistribution takes place, it necessitates the information from damaged portion also [10]. Since most 
structures are indeterminate, this method is suited for most practical applications. The steps involved in the DLV can 
be summarized as[11]: 
1. Obtain the damaged and undamaged flexibility matrix of the structure. 
Flexibility is obtained as the nodal deflection, by applying a unit load at each node successively, both for 
the damaged and undamaged condition  
2. The change in flexibility is calculated as  
eq. (1)     ܦܨ ൌ 	Ǧ	 
3. Singular value decomposition (SVD) for DF is performed  
eq. (2)     ܦܨ ൌ ܷܸܵ 
eq. (3)     ܵ ൌ ቂܵͳ ͲͲ ܵʹቃ 
for ideal conditions the DLV vectors are the columns in V associated with S2’s = 0. But practically S2’s are 
not zero thus a criteria is needed to decide the DLV vectors.  
4. Apply vector in ܸ as loads and point of applications as the sensor-actuator nodes, on undamaged model and 
compute stresses.Compute a single characterizing stress ߪ௜ (i = number of elements) for each vector ௝ܸsuch 
that ߪ௜ଶ is proportional to strain energy. For example for a truss bar ߪ௜can be taken as the absolute value of 
bar force, for a prismatic planar beam element ߪ௜can be taken as ሺ݉௫ଶ ൅ ݉௬ଶ ൅݉௫݉௬ሻ଴Ǥହ where mx and my 
are the two end moments.  
5. Find max ߪ௝ and define ௝ܿ as  
eq. (4)     ௝ܿ ൌ ଵ୫ୟ୶ఙೕ for ݆ ൌ ͳǣ݉ 
where, ݉ ൌ ݊ݑܾ݉݁ݎ݋݂ݒ݁ܿݐ݋ݎݏ݅݊ܸ 
6. Compute svn index as  
eq. (5)      ݏݒ ௝݊ ൌ ඨ
௦ೕ௖ೕమ
௦೜௖೜మ

where, sj = singular value corresponding to the jth ܸ vector and  
eq. (6)    ݏ௤ܿ௤ଶ ൌ ൫ݏ௝ ௝ܿଶ൯ for ݆ ൌ ͳǣ݉ 
where,݉ ൌ ݊ݑܾ݉݁ݎ݋݂ݒ݁ܿݐ݋ݎݏ݅݊ܸ 
7. The vector ܸ݆ can be treated as a DLV if 
eq. (7)     ݏݒ ௝݊ ൑ ͲǤʹͲ 
8. For each DLV find normalized stress index as  
eq. (8)      ݊ݏ ௝݅ ൌ ௝ܿߪ 
9. For each DLV find  
eq. (9)     ݏݒ݊௜ ൌ ሺݏݒ݊௜ǡ ͲǤͲͳͷሻ 
10. Find weighted stress index (WSI) as  
eq. (10)    ܹܵܫ ൌ
σ ೙ೞ೔೔ೞೡ೙೔
೙೏೗ೡ
೔సభ
௡ௗ௟௩  
Where, ݈݊݀ݒ = number of DLV vector (as identified in step (7)).  
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11. If ܹܵܫ ൏ ͳ for an element it is considered to be potentially damaged. 
It should be stressed that these elements are potentially damaged elements i.e., they contain damaged elements with 
inseparable elements. Also the values used as cut off are general and not structure specific[1 and 11]. 
Since the value of ı is used in the form of ratio  
eq. (12)     ݊ݏ ௝݅ ൌ ఙ୫ୟ୶ఙೕ 
It is not necessary that ߪଶ should be strictly proportional to the strain energy without introducing significant error. 
This has a significant implication in terms of accuracy of flexibility matrix. Thus if loads applied are only in one 
direction, nodal displacements only in that direction can be safely used to arrive at flexibility matrix especially for 
structures such as beams and frames. Thus significantly reducing the size of flexibility matrix as well as reducing 
the measurements to be done experimentally. 
3.0 Numerical Modelling and Parametric Studies 
 To evaluate the performance of DLV method based upon static deflection data, various structures such as 
2-D/ 3-D truss and beams were modeled and analyzed. Details of the analysis of a typical 2-D truss (fig.1), modeled 
using STAAD, considered for the study are given below as an example. Damage is introduced in numerical model 
by reduction of cross sectional dimensions causing reduction in stiffness. 
 
 
Fig. 1 Simply supported 2-D truss with 10 members 
(Nodes used for flexibility matrix are 2,3,5,6. Load applied to measure deflection is100 kN). 
Damage is given as: reducing depth to 1/10th of its value for undamaged condition in member 1. In other cases 
various degrees of damage ranging from 30-90 % was tried. 
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Table 1: Flexibility matrices 
Undamaged flexibility Damaged flexibility Change in flexibility 
16.599 10.823 13.039 10.515 36.111 20.579 32.551 20.271 19.512   9.756 19.512   9.756 
10.823 16.599 10.515 13.039 20.579 21.477 20.271 17.917 9.756    4.878   9.756    4.878 
13.039 10.515 13.852 9.702 32.551 20.271 33.364 19.458 19.512   9.756   19.512   9.756 
10.515 13.039 9.702 13.852 20.271 17.917 19.458 18.730 9.756    4.878   9.756    4.878 
 SVD analysis of the above matrix is done (using MATLAB) to get probable set of DLVs. 
Table 2: SVN indexes obtained 
Load vector 1 2 3 4 
sj 48.78 3.45E-15 1.92E-15 1.07E-15 
cj 0.067083 0.220751 0.120265 0.168492 
sjcj
2
 0.219514 1.68E-16 2.78E-17 3.04E-17 
sqcq
2
 0.219514    
svn 1 2.77E-08 1.13E-08 1.18E-08 
Thus based on equation (7) load vectors 2, 3 & 4 are identified as DLV 
Table 3: WSI values for damage in member 1 
Member 1 2 3 4 5 6 7 8 9 10 
WSI 0 11.325 29.999 0 20.941 42.425 40.12 41.166 16.011 29.612 
Similar analysis for damage in each member gives the following WSI values for this structure. 
Table 4: WSI values for various damage cases 
Damaged/ 
Member 
1 2 3 4 5 6 7 8 9 10 
1 0 32.6332 31.5865 0 21.49943 15.7151 40.4021 40.2572 21.736 32.76467 
2 11.325 0 19.0179 12.1761 10.93226 12.1761 28.2294 28.2294 21.736 21.73647 
3 29.999 32.6332 0 15.7151 21.49943 0 40.2572 40.4021 32.765 21.73647 
4 0 46.1443 44.6633 0 30.40098 22.2222 57.1351 56.93 30.741 46.33382 
5 20.941 11.6094 19.7782 13.8035 0 13.8035 34.7699 34.7699 32.765 32.76467 
6 42.425 46.1443 0 22.2222 30.40098 0 56.93 57.1351 46.334 30.74064 
7 40.12 60.1593 41.9948 25.6008 51.51607 31.8322 0 25.0296 24.362 29.67221 
8 41.166 60.1593 39.0137 31.8322 51.51607 25.6008 25.0296 0 29.672 24.3617 
9 16.011 46.1443 27.9684 17.2244 30.40098 19.5252 19.5135 24.7259 0.0034 18.73671 
10 29.612 46.1443 26.9003 19.5252 30.40098 17.2244 24.7259 19.5135 18.737 0.003364 
If WSI <1 then the member is considered to be damaged. 
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Fig 2 (a)    Fig 2 (b) 
Fig 2 WSI values for damage members 
 From the above analysis it can be summarized that, this method successfully detects damage in all the cases 
for this structure.For damage in member 1, members1and 4 are detected as damaged. Here member 4 is inseparable 
due to support conditions and topology of the structure (Fig. 2a). For damage in member 2, the damaged set consists 
of only member 2 indicating the exact damaged member (Fig. 2b).  
Similar analysis was carried out for various damage scenarios, support conditions for both determinate and 
indeterminate structures.  
 
4.0 Results and Discussion 
 
 The method was applied on various structures including 2-D & 3-D truss, single span and multiple span 
beams. The damage was given as reduction in stiffness modeled as reduction in cross-sectional dimensions of 
members.Various damage cases were considered, measuring response at all DOF and limited DOF. The DLV 
method performs well with nodal displacement flexibility formulation and was able to detect damaged elements in 
most cases.  
 
Fig 3: 3d truss considered for damage 
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Table 5: Cases considered 
Type of structure Complete DOF or limited 
DOF 
Damage cases Successful detection 
2d truss -10 member complete 10 10 
2d truss - 9 member complete 9 9 
2d frame complete 7 7 
Beam single span limited 2 2 
Beam 3 span limited 2 2 
Beam 4 span limited 2 2 
Beam 5 span limited 3 3 
3d truss limited 34 30 
Total  69 65 
 
 It can be summarized from the table that 94 % damage cases were successfully identified. The four cases 
where the method fails were not due to false detection. In two cases (damage in member 21 and 24 of 3d-truss) the 
damage is given to the member which does not take any load for vertical loading thus having no contribution to the 
flexibility matrix being considered. In the other two cases (damage in member 2 & 12 of 3d-truss fig.3) due to the 
nature of the structure and the limited response measured the damage in that member has no effect on the flexibility 
matrix.   
 The method performs extremely well for various types of structures by measuring simple deflection for 
some constant load. Thus a new approach to DLV method based on the deflection obtained from static analysis has 
been formulated. Dependency of the method upon undamaged model is a disadvantage if the structure is very old or 
if it cannot be modeled correctly. Further experimental studies are being carried out to validate the method by 
introducing various damage scenarios. 
5.0 Acknowledgment 
 This paper is being published with the kind permission of the Director, CSIR-Structural Engineering 
Research Centre, Chennai. 
 
6.0 References 
1. Bernal D., Load Vectors for Damage Localization Journal of Engineering Mechanics, Vol. 128, No. 1, 
January 2002, pp. 7-14, (doi:  http://dx.doi.org/10.1061/(ASCE)0733-9399(2002)128:1(7)) 
2. Gao, Y. Spencer, B.F. Jr., & Bernal, D. 2004. Experimental Verification of the damage locating vector 
method. Hawaii  
3. Bernal, D. and Gunes, B. (2004). ”Flexibility Based Approach for Damage Characterization: Benchmark 
Application.” J. Eng. Mech., 130(1), 61–70. 
4. Jang, S.A., Sim, S.-H., and Spencer, B.F. Jr., Structural Damage Detection using Static strain data. 
Department of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign. Illinois. 
5. Jang, S., Spencer, B.F. Jr. and Sim, S.-H. 2012. A decentralized receptance-based damage detection 
strategy using wireless smart sensors. Smart Mater. Struct. 21 055017 
6. Pandey, A. K. and Biswas, M., (1994). Damage detection in structures using changes in flexibility. J. 
Sound Vib. 169(1). Pp.3-17. 
7. Pandey, A. K. and Biswas, M., (1995). Damage diagnosis of truss structures by estimation of flexibility 
change, The International Journal of Analytical and Experimental Modal Analysis, 10(2), pp.104-117 
8. Doebling, S. W., Farrar, C. R., Prime, M. B., and Shevitz, D. W., (1996). Damage Identification and health 
monitoring of structural and mechanical systems from changes in their vibration characteristics: A 
literature review. Los Almos Laboratory Report LA- 13070-MS. 
700   Aditya Kaushik et al. /  Procedia Engineering  86 ( 2014 )  693 – 700 
9. Bernal D 2006 Flexibility-based damage localization from stochastic realization results ASCE, J. Eng. 
Mech. 132 651-8 
10. Bernal D 2007 Damage localization from the null space of changes in the transfer matrix AIAA J. 45 374-
81 
11. Bernal D 2010 Load Vectors for damage location in systems identified from operational loads ASCE, J. 
Eng. MEch. 136 31-9 
 
